Introduction
============

Cancer is a leading cause of death worldwide, and it is estimated that approximately 15 cancer deaths occur every minute.[@b1-ott-6-447] Conventional chemotherapy is still ineffective for many types of cancer, due to heterogeneity among cancer clones and patient genotypes.[@b2-ott-6-447] Therefore, the development of personalized medicine will be an important aspect of anticancer treatment in the 21st century.[@b3-ott-6-447] One very promising aspect of personalized medicine is its facilitation of targeted therapy, the goal of which is to maximize therapeutic efficacy while minimizing toxicity by specifically antagonizing cancer-related molecules.[@b2-ott-6-447]

An example of targeted therapy, trastuzumab, has proven very effective in treating HER2-dependent breast cancer in several clinical trials.[@b4-ott-6-447]--[@b6-ott-6-447] The side effects of trastuzumab are much less frequent than those of conventional chemotherapy.[@b4-ott-6-447] This drug specifically targets the juxtamembrane portion of the extracellular domain of the HER-2 (ERBB2) receptor, thereby preventing the activation of its intracellular tyrosine kinase.[@b4-ott-6-447],[@b7-ott-6-447] The US Food and Drug Administration (FDA) has approved trastuzumab for the treatment of metastatic HER2-positive breast cancer.[@b4-ott-6-447] Another example of targeted therapy, imatinib mesylate, has been shown to be a very safe and efficacious treatment for chronic myeloid leukemia (CML) and gastrointestinal stromal tumor (GIST).[@b5-ott-6-447],[@b8-ott-6-447] This drug explicitly inhibits the active fusion product from the Philadelphia (Ph) chromosome of CML and c-kit (CD117), which is overexpressed in GIST, thereby prohibiting the intracellular tyrosine kinase cascade.[@b9-ott-6-447] Consequently, the FDA has approved imatinib mesylate for the treatment of CML and GIST.[@b5-ott-6-447] However, only a limited number of targeted treatment agents have been developed to date. Only approximately 50 FDA-approved antineoplastic drugs have been introduced, such that many types of cancers still lack targeted therapies.

Currently, many lines of research are focused on identifying novel target/inhibitor pairs for different types of cancers. Several anticancer protein inhibitors, such as perifosine (an AKT inhibitor) and tipifarnib (an RAS and Wnt inhibitor), are currently undergoing clinical trials to investigate their potential as antineoplastic drugs.[@b10-ott-6-447],[@b11-ott-6-447] Typically, it takes an average of 7 years for these drugs to be approved after they undergo evaluation in clinical trials.[@b12-ott-6-447] Therefore, it has been suggested that drugs for incurable diseases should be subjected to an accelerated approval process that allows their use immediately after phase I or II clinical trials.[@b12-ott-6-447] Another group of protein inhibitors includes FDA-approved drugs that are used to treat nonneoplastic diseases, such as inhibitors of cyclooxygenase-2 (COX2) and 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR).[@b13-ott-6-447]--[@b16-ott-6-447] At present, there is limited information about whether drugs from this group have potential uses as anticancer treatments. Finally, there is a large group of chemical agents that are used for in vitro research and which may or may not have antineoplastic properties.

The field of targeted therapy is still in its infancy, and scientists are just beginning to understand more about the cancer genome. Advances in the field of targeted therapy are inevitable because of the improvements in high-throughput technologies, such as whole-genome sequencing and array-based gene expression profiling.[@b2-ott-6-447] The Gene Expression Omnibus (GEO) is a repository of high-throughput gene expression data for various types of cancer and thus a potential source of information for identifying genes that are upregulated in different types of cancer.[@b17-ott-6-447],[@b18-ott-6-447] This information might be a key to discovering novel protein inhibitors for anticancer treatment.

Here, we collected information from the GEO DataSets for different types of cancers and performed comprehensive analyses to identify upregulated genes. These analyses confirmed the correlation between gene expression profiles and currently approved treatments and suggest novel uses for currently available protein inhibitors in future anticancer research and targeted treatments.

Methods
=======

Data collection and template preparation
----------------------------------------

Expression microarray data for normal cells and cancer cells were obtained from the GEO repository[@b17-ott-6-447],[@b18-ott-6-447] using different cancer types as search keywords. GEO series (GSE) records were included only if they contained expression array data for both cancer and normal cells. Subsequently, all GSE records were downloaded for template preparation. In this study, we obtained 51 series records (2,141 expression microarrays) for 48 different types of cancer. Two of our records consisted of primary cell cultures and subcutaneous xenograft tumor tissue as the sources of specimens, whereas all of the other records consisted of specimens collected from patients. The primary cell cultures and subcutaneous xenograft tumor tissue have been proven to exhibit typical cancer gene expression of their types, while also decreasing contamination of normal tissues.[@b19-ott-6-447],[@b20-ott-6-447] These GSE data were organized into 78 experimental groups because some records encompassed several types of cancer. In the template preparation process, the cancer expression microarrays were defined as the 'experiments', whereas normal cell samples were defined as the 'controls'. [Supplementary Table 1](#SD1){ref-type="supplementary-material"} shows how we classified the GSE records into 78 experimental groups and includes the GEO accession and platform numbers, the organ and cancer types, and the sources of specimens.

Classification of protein inhibitors
------------------------------------

The protein inhibitors were found by searching journal articles,[@b5-ott-6-447],[@b21-ott-6-447] cancer.gov and ClinicalTrials.gov web sites of US National Institute of Health, and the Sigma-Aldrich product catalog. The inhibitors were then classified in an Excel spreadsheet (Microsoft, Redmond, WA, USA) along with their specific protein targets and chemical or product names. The gene symbols for each protein inhibitor target were obtained from the National Center for Biotechnology Information's Gene database. The protein inhibitors were categorized as 'FDA-approved antineoplastic drugs', 'FDA-approved nonantineoplastic drugs', or 'non-FDA-approved chemical agents' ([Supplementary Tables 2.1--2.3](#SD1){ref-type="supplementary-material"}, respectively). The protein inhibitors were classified as 'FDA-approved antineoplastic drugs' or 'FDA-approved nonantineoplastic drugs' only if the drugs were in the FDA's databases. For 'non-FDA-approved chemical agents', the protein inhibitors were either undergoing clinical trials or tested in vitro. In this study, there were 597 protein inhibitor targets: 47 targets of 'FDA-approved antineoplastic drugs', 76 targets of 'FDA-approved nonantineoplastic drugs', and 474 targets of 'non-FDA-approved chemical agents'. Furthermore, [Supplementary Table 2.1](#SD2){ref-type="supplementary-material"} shows the diseases corresponding to the FDA-indicated uses for each targeted therapy, and [Supplementary Table 2.3](#SD2){ref-type="supplementary-material"} shows the clinical trial phases and identifiers of some 'non-FDA-approved chemical agents'.

Statistical analysis
--------------------

Using the prepared templates of expression microarray data and platforms, a two-tailed Student's *t*-test was used to compare the mean expression levels in the experiments (cancer cells) and controls (normal cells) for each experimental group. Statistical significance was set at *P* \< 0.01 in every experiment unless otherwise stated. Paired *t*-tests were used for three of our experimental groups shown in [Supplementary Table 1](#SD1){ref-type="supplementary-material"}, where the normal and cancer specimens were collected from the same patient. The genes for which the mRNA levels were expressed at significantly higher levels in the experiments compared with the controls were considered 'upregulated'. The list of genes with upregulated expression patterns was then cross-referenced with the three major categories of protein inhibitors, and the results are reported in [Supplementary Table 3](#SD6){ref-type="supplementary-material"}. All statistical analysis steps were performed using extensions of the Connection Up- and Down-Regulation Expression Analysis of Microarrays (CU-DREAM) program.[@b22-ott-6-447] The *P*-values of selected GSEs were compared with *P*-values using one-way analyses of variance (ANOVA).

Results
=======

In this study, each experimental group was statistically analyzed, and the resulting list of significantly upregulated genes was cross-referenced with the three categories of protein inhibitor targets presented in [Supplementary Tables 2.1--2.3](#SD2){ref-type="supplementary-material"} ([Figure 1](#f1-ott-6-447){ref-type="fig"}). The results are shown in [Supplementary Table 3](#SD6){ref-type="supplementary-material"}, categorized by inhibitor type ('Targets of FDA-approved anticancer drugs', 'Targets of FDA-approved nonantineoplastic drugs', or 'Targets of non-FDA-approved chemical agents'). In [Supplementary Table 3](#SD6){ref-type="supplementary-material"}, the known 'FDA-indicated targeted agents' for each type of cancer are also included, referenced from the National Cancer Institute, US National Institutes of Health. The fold changes of genes that were upregulated in cancer are also reported ([Supplementary Table 4](#SD7){ref-type="supplementary-material"}). We also compared *P*-values of GSE10927, GSE14922, GSE31671 with *P*-values using one-way ANOVA. The values of correlation coefficient (r) were 0.973, 0.999, and 0.999, respectively.

The correlation between bioinformatics data and current treatments
------------------------------------------------------------------

We classified our results based on whether the cancer has a known FDA-approved targeted agent ([Figure 2](#f2-ott-6-447){ref-type="fig"}). We found that 57 out of our 78 experimental groups (73%) represent 32 types of cancer with known FDA-approved targeted therapies. Thirty-three out of these 57 groups (58%) have upregulated gene expression that is well correlated with the indicated targeted treatment agent(s). This group of cancers is shown in [Table 1](#t1-ott-6-447){ref-type="table"}, along with their indicated targeted therapies.

In addition, 24 of the 57 experimental groups (42%) with known FDA-approved targeted drug treatments do not overexpress the gene that corresponds to the indicated targeted treatment agent. However, all of these experimental groups overexpress at least one gene that is the target of another FDA-approved targeted treatment agent ([Table 2](#t2-ott-6-447){ref-type="table"}).

Our GSE records also included 21 experimental groups representing 16 types of cancer with no FDA-approved targeted therapies. Surprisingly, every experimental group was found to overexpress genes that are targets of other FDA-approved agents ([Table 3](#t3-ott-6-447){ref-type="table"}).

Protein inhibitors for novel targeted anticancer therapies
----------------------------------------------------------

There is significant upregulation of gene expression for protein inhibitor targets other than oncogenes in many of the experimental groups. We had accumulated the frequency of each upregulated protein inhibitor target of 'FDA-approved nonantineoplastic drugs' and 'non-FDA-approved chemical agents' among the 78 experimental groups.

[Table 4](#t4-ott-6-447){ref-type="table"} ranks the frequency of the top 30 upregulated genes that are targets of 'FDA-approved nonantineoplastic drugs'. We further categorized this group into 'immunomodulatory' or 'nonimmunomodulatory' drug targets. Moreover, [Table 5](#t5-ott-6-447){ref-type="table"} shows the frequency of the top 20 upregulated genes corresponding to targets of 'non-FDA-approved chemical agents'.

Discussion
==========

Our comprehensive analysis of expression array data is a useful approach to confirm the connection between bioinformatics data and current treatments. Our results showed that 33 out of 57 experimental groups (58%) overexpress the gene(s) that correspond to the clinical treatments indicated for these cancers. In the current setting, targeted anticancer therapy would be prescribed to these patients.

The data also illustrate the limited availability of targeted therapies for many types of cancer. The majority of experimental groups (45/78, or 58%) do not overexpress the gene that is the target of the FDA-approved drug for the corresponding cancer or do not have any FDA-approved targeted treatment agents. Twenty-four of the 57 experimental groups (42%) with known FDA-approved drugs do not overexpress the gene that is the target of their indicated agents ([Figure 2](#f2-ott-6-447){ref-type="fig"}). This result could be hypothesized by several mechanisms. For a gene product to be a therapeutic target, it is not necessary for it to be overexpressed. For example, epidermal growth factor receptor (*EGFR*), the tyrosine kinase in lung cancer may be expressed at a regular level, but mutation might cause it to over function.[@b23-ott-6-447] However, EGFR protein expression was significantly correlated with *EGFR* mutation and copy number.[@b23-ott-6-447] This result also supports the increasing concern of tumor heterogeneity among patient genotypes and within cancer clones (intratumoral heterogeneity).[@b2-ott-6-447],[@b24-ott-6-447] Thus, patients with these types of cancers cannot currently receive antineoplastic target therapy. However, one or more targets of other FDA-approved anticancer-targeted treatment agents are upregulated in all experimental groups. All of the 24 experimental groups (100%) overexpress at least one gene that is associated with an FDA-approved targeted anticancer drug ([Table 2](#t2-ott-6-447){ref-type="table"}). We recommend that animal studies and in vitro studies with human tissue should be performed to test the possible future use as targeted therapies of these drugs. Synergism is sometimes suggested as a developmental strategy, especially because recent concepts in targeted therapies target multiple ligands.[@b25-ott-6-447],[@b26-ott-6-447] The analysis of targeted first-line cancer treatments by considering common gene pairs or triplets may be necessary.

In addition, it is interesting that all 21 of the experimental groups (100%) consisting of cancer types for which there is currently no FDA-approved targeted therapy overexpress genes that are targeted in FDA-approved anticancer-targeted therapies ([Table 3](#t3-ott-6-447){ref-type="table"}). The efficacy of the suggested targeted therapies should also be tested in these types of cancer.

Our data also highlight several groups of promising protein inhibitors for future targeted anticancer therapy. The first group consists of targeted inhibitors that have been approved by the FDA for the treatment of nonneoplastic diseases. Some 'nonimmunomodulatory' drugs in this group, such as inhibitors of COX2, HMGCR, dipeptidyl peptidase 4 (DPP4), 5-lipoxygenase (ALOX5), and histamine receptor H1 (HRH1), have been widely used to treat nonneoplastic diseases such as allergies, dyslipidemia, diabetes mellitus, and musculoskeletal pain ([Table 4](#t4-ott-6-447){ref-type="table"}). Thus, the potential anticancer mechanisms of these drugs will be very interesting to investigate. This is also known as 'drug repurposing'. A significant advantage of drug repurposing over conventional drug development is these drugs have already passed a number of toxicity trials where the majority of drugs were disqualified during their development.[@b27-ott-6-447]--[@b30-ott-6-447] If any of these drugs are proven to have anticancer properties, these agents may be very useful as novel targeted treatments.

One good example is HMGCR inhibitors. *HMGCR* is one of the top 20 most frequently upregulated genes in the experimental groups analyzed herein ([Table 4](#t4-ott-6-447){ref-type="table"}). The prototypical HMGCR inhibitor is simvastatin, which was originally developed as a cholesterol-lowering agent and is among the most therapeutically effective and financially successful pharmaceuticals ever created.[@b15-ott-6-447] Our data showed that *HMGCR* is upregulated in nine types of cancer: acute myeloid leukemia (AML), Ewing sarcoma, soft tissue sarcoma, bladder cancer, breast cancer, hepatocellular carcinoma, nasopharyngeal carcinoma, ovarian cancer, and pancreatic cancer ([Supplementary Table 3](#SD6){ref-type="supplementary-material"}). Consistent with these data, statins have been reported to have antiproliferative effects on AML, multiple myeloma, breast cancer, prostate cancer, colorectal cancer, lung cancer, pancreatic cancer, ovarian cancer, cervical cancer, and head and neck cancer.[@b31-ott-6-447]--[@b34-ott-6-447] Currently, there are ongoing efforts to demonstrate the significance of the HMGCR or mevalonate pathways in carcinogenesis.[@b35-ott-6-447] There have also been several clinical trials combining statins with other conventional chemotherapeutic regimens, the results of which are very promising.[@b15-ott-6-447],[@b36-ott-6-447]--[@b39-ott-6-447] It is hoped that statins might be the pioneering example of FDA-approved drugs for nonneoplastic diseases that also have anticancer potential.

Our studies have revealed that other targets of widely used FDA-approved nonantineoplastic therapies, such as *COX2*, *DPP4*, *ALOX5*, and *HRH1*, are overexpressed in many types of cancer; however, information about the anticancer properties of these agents is still very limited. Several studies have demonstrated the chemopreventive effects of ALOX5 and COX2 inhibitors, but most of these studies have been descriptive and lack a molecular underpinning.[@b40-ott-6-447]--[@b46-ott-6-447] A meta-analysis and multiple randomized controlled trials have shown that selective COX2 inhibitors can reduce the risk of colorectal adenomas and colorectal cancer.[@b13-ott-6-447],[@b14-ott-6-447],[@b47-ott-6-447],[@b48-ott-6-447] This is consistent with our data where *COX2* is overexpressed in three out of five (60%) experimental groups of colorectal cancer ([Supplementary Table 3](#SD6){ref-type="supplementary-material"}). It has recently been proposed that because cancer cells experience unique cellular stresses compared with normal cells, the cancer cells must develop tolerance mechanisms through stress support pathways to survive and proliferate in their unusual environments.[@b49-ott-6-447] Alterations in cancer cell metabolism may enable cancer cells to achieve their principle distinguishing features.[@b50-ott-6-447] Therefore, metabolic reprogramming is considered to be a vulnerability of cancer cells, and targeting this pathway using 'FDA-approved nonantineoplastic drugs' may be a potential cancer treatment. Nevertheless, it is possible that some of the overexpressed gene expressions in cancer are the effect of the tumor-driving target and not the principal target itself. We therefore suggest that the roles of these protein inhibitors in oncogenesis be thoroughly studied and determine what signaling pathways, rather than individual genes, are altered in tumors to investigate their potential as antineoplastic treatments. We believe that clinical trials combining these drugs with first-line anticancer treatments in patients diagnosed with cancer are warranted.

In addition, [Table 4](#t4-ott-6-447){ref-type="table"} also shows that an 'immunomodulatory' agent target, phosphoribosylpyrophosphate amidotransferase (*PPAT* ), results in the highest frequency of upregulated gene expression among all 'FDA-approved nonantineoplastic drugs'. Surprisingly, many researchers have reported that the prolonged use of PPAT inhibitors, such as azathioprine, can increase the risk of cancer because it chronically suppresses the function of the immune system.[@b51-ott-6-447],[@b52-ott-6-447] Therefore, a safety assessment prior to the initiation of clinical trials must be required for this category of research to ensure that the potential antineoplastic benefits outweigh the potential side effects.

Furthermore, another group of potential anticancer treatments consisted of the 'non-FDA-approved chemical agents'. As shown in [Table 5](#t5-ott-6-447){ref-type="table"}, the target with the highest frequency of upregulated gene expression is cyclin-dependent kinase 1 (*CDK1*). This result is in accordance with research suggesting that CDKs are very promising targets for antineoplastic treatment. Many clinical trials are ongoing to prove the efficacy of CDK inhibitors, such as seliciclib and flavopiridol.[@b53-ott-6-447]--[@b56-ott-6-447] Nevertheless, information regarding the tumorigenicity of many other targets of 'non-FDA-approved chemical agents' is still limited. We believe that this group of chemical agents is an excellent candidate for future anticancer research and treatments; however, more mechanistic studies will be required to demonstrate the relationship between the upregulation of these genes and carcinogenesis, and the safety of the inhibitors of these proteins must be assessed.

In this study, we are concerned that some RNA expressions might not positively correlate with the protein expressions as in the central dogma of molecular biology. Various posttranscriptional processes can alter protein expressions. For instance, some mRNAs are strongly preserved within the nucleus, which means that their expression levels will be overestimated relative to protein levels.[@b57-ott-6-447] Therefore, it would be useful to apply the knowledge from this study into the next layer of bioinformatics data analysis such as proteomics.

A limitation of this research is that the application of molecular evidence from bioinformatics data may not be sufficient to predict the efficacy of the promising targeted agents or protein inhibitors. Nevertheless, there have been suggestions that appropriately designed clinical trials will provide adequate information to health care providers and patients to make informed clinical decisions.[@b21-ott-6-447] However, because large clinical trials are difficult to establish because of the rarity of many types of specific cancer, cancer centers worldwide should collaborate to conduct prospective multicenter proof-of-principle trials. If the outcomes are promising, accelerated approval of these drugs can be highly encouraged.[@b12-ott-6-447]

Conclusion
==========

There is a strong correlation between the bioinformatics data and current treatments, but many types of cancer still lack FDA-approved targeted therapies. Therefore, it may be reasonable to use targeted treatment agents that are FDA-approved for the treatment of other cancers that overexpress the same target genes. In addition, our study highlights several protein inhibitors that may have potential as targeted anticancer drugs. Further studies should elucidate the comprehensive mechanistic pathways of these novel antineoplastic agents. It will be worth investigating whether in vitro chemical agents and drugs that have been approved for use in the treatment of nonneoplastic diseases have significant effects in oncogenesis.
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![The overall methodological framework of this study.\
**Notes:** First, 51 GSE records (2,141 expression microarrays) were collected for different types of cancer, and the templates for 78 experimental groups were prepared for analysis using the CU-DREAM program. We then obtained 597 protein inhibitors from various databases and classified them into three categories: 'FDA-approved antineoplastic drugs', 'FDA-approved nonantineoplastic drugs', and 'non-FDA-approved chemical agents'. The program then analyzed each experimental group to identify genes of which the expression was upregulated in cancer compared with normal cells. Subsequently, the upregulated genes were cross-referenced with the three protein inhibitor lists and were sorted into three categories.\
**Abbreviations:** CU-DREAM, Connection Up- and Down-regulation Expression Analysis of Microarrays; FDA, US Food and Drug Administration; GSE, Gene Expression Omnibus series.](ott-6-447Fig1){#f1-ott-6-447}

![The classification diagram showing the results of this study.\
**Notes:** The classification of the results was based on whether the cancer has a known FDA-approved targeted agent. For the experimental groups with known FDA-approved targeted agents, we evaluated the correlation of the upregulated gene expressions with the indicated targeted treatment agents. For the experimental groups that do not have any FDA-approved targeted agent or do not overexpress the gene that is the target of the FDA-approved agents, we further assessed whether each group overexpresses at least one gene that is associated with an FDA-approved targeted anticancer drug.\
**Abbreviation:** FDA, US Food and Drug Administration.](ott-6-447Fig2){#f2-ott-6-447}

###### 

Cancer types in which an upregulated gene expression is correlated with the FDA-approved drug for that cancer

  Cancer                                     Targeted protein: current FDA-approved antineoplastic drug(s)
  ------------------------------------------ -------------------------------------------------------------------------------------
  Glioblastoma                               VEGF: bevacizumab
  Breast cancer (two groups)                 ERBB2: trastuzumab
  Colorectal cancer (four groups)            VEGF: bevacizumab, EGFR: cetuximab
  Pediatric AML                              CD33: gemtuzumab
  Chronic myeloid leukemia                   ABL1: imatinib
  Multiple myeloma (three groups)            PSMC (3, 5): bortezomib
  Soft tissue sarcoma                        KIT, PDGFR (A, B): pazopanib
  Gastrointestinal stromal tumor             KIT, PDGFRB: imatinib
  Hepatocellular carcinoma (four groups)     PDGFR (A, B), RAF1, BRAF, RET, KIT: sorafenib
  Lung adenocarcinoma                        EGFR: erlotinib, gefitinib, VEGF: bevacizumab
  Lung non-small-cell cancer                 EGFR: erlotinib, gefitinib
  Renal clear cell cancer (2 groups)         VEGF: bevacizumab, RET, PDGFR (A, B), VEGFR: sorafenib, sunitinib, MTOR: everolimus
  Renal oncocytoma cell cancer               KIT, VEGFR: sorafenib, VEGF: bevacizumab
  Basal-like breast cancer                   TOP2A: doxorubicin
  BRCA1-mutated breast cancer (two groups)   TOP2A: doxorubicin
  Exing sarcoma                              TOP2A: doxorubicin
  Thyroid anaplastic cancer                  TOP2A: doxorubicin
  Thyroid papillary cancer                   TOP2A: doxorubicin
  Squamous cell lung cancer (two groups)     EGFR: cetuximab
  Fallopian serous carcinoma                 TOP2A: liposomal doxorubicin
  Clear cell ovarian cancer                  TOP2A: liposomal doxorubicin

**Note:** numbers within parentheses are gene members.

**Abbreviations:** AML, acute myeloid leukemia; FDA, US Food and Drug Administration; BRCAI, breast cancer I gene.

###### 

Cancer types for which the FDA-indicated antineoplastic-targeted agent is not correlated with the upregulated gene(s)

  Cancer                                                       Targeted protein: potential FDA-approved antineoplastic drug(s)
  ------------------------------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Nonbasal breast cancer                                       BRAF: sorafenib, CTLA4: ipilimumab, CYP19A1: letrozole, DHFR: methotrexate, DNMT1: azacitidine, EGFR: cetuximab, GSR: carmustine, HDAC (2, 4, 7, 11): vorinostat, TOP1: topotecan, TOP2A: doxorubicin, VEGF: bevacizumab
  Breast invasive ductal cancer                                DNMT1: azacitidine, HDAC1: vorinostat, PSMC4: bortezomib
  Colorectal cancer                                            PDGFRB: pazopanib, RET: vandetanib
  Chronic myeloid leukemia (3 groups)                          ESR1: tamoxifen, RET: vandetanib, DNMT1: azacitidine, ERBB2: trastuzumab, HDAC3: vorinostat
  CLL B-cell (3 groups)                                        CTLA4: ipilimumab, HDAC (1, 2, 6, 7, 9): vorinostat, PSMC (2, 3, 6): bortezomib, NQO1+: carmustine, CD52: alemtuzumab, MTOR: temsirolimus, PDGFRA: pazopanib, TOP1: topotecan
  Follicular lymphoma                                          ABL1: imatinib, ESR2: tamoxifen, HDAC7: vorinostat
  Multiple myeloma                                             ERBB2: trastuzumab, VEGF: bevacizumab
  Myelodysplastic syndrome                                     HDAC2: vorinostat, PSMC2: bortezomib
  Hepatocellular carcinoma                                     HDAC2: vorinostat
  HBV hepatocellular carcinoma                                 MTOR: temsirolimus, PSMC5: bortezomib
  HCV hepatocellular carcinoma (4 groups)                      HDAC (1, 2, 4, 11): vorinostat, GSR: carmustine, DNMT1: azacitidine, TOP2A: doxorubicin, PSMC2: bortezomib
  Pancreatic intraductal papillary-mucinous carcinoma (IPMN)   DHFR: methotrexate, GSR, NQO1: carmustine, HDAC1: vorinostat, TOP1: topotecan, TOP2A: doxorubicin
  Invasive pancreatic cancer originating in the IPMN           TOP2A: doxorubicin, GSR\*, NQO1: carmustine, DHFR: methotrexate
  Chromophobe renal cell carcinoma                             BRAF: sorafenib, DHFR: methotrexate, ESR1: tamoxifen, HDAC11: vorinostat, PSMC (2, 3, 6): bortezomib
  Renal clear cell cancer                                      CD52: alemtuzumab
  Renal papillary cell carcinoma                               HDAC3: vorinostat, PSMC (1, 2, 3, 4): bortezomib

**Note:** numbers within parentheses are gene members.

**Abbreviations:** CLL, chronic lymphocytic leukemia; HBV, hepatitis B virus; HCV, hepatitis C virus.

###### 

Cancer without an FDA-indicated antineoplastic-targeted agent, but with suggested FDA-approved antineoplastic drug(s)

  Cancer                                               Targeted protein: potential FDA-approved antineoplastic drug(s)
  ---------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Adrenocortical carcinoma (two groups)                DHFR: methotrexate, DNMT1: azacitidine, TOP2A: doxorubicin, BRAF, KIT: sorafenib, GSR: carmustine, HDAC6: vorinostat, PSMC2: bortezomib
  Bladder transitional cell carcinoma (three groups)   ERBB2: trastuzumab, HDAC (1, 2, 3): vorinostat, PSMC (1, 2, 3, 4, 5, 6): bortezomib, RAF1: sorafenib, TOP (2A, 2B): doxorubicin, VEGF: bevacizumab, DHFR: methotrexate, EGFR: cetuximab, GSR, NQO1: carmustine, MTOR: temsirolimus, TOP1: topotecan, DNMT1: azacitidine
  Brain astrocytoma                                    ABL1: imatinib, BRAF, PDGFRB, RAF1, VEGFR: sorafenib, DHFR: methotrexate, DNMT1: azacitidine, EGFR: cetuximab, ERBB2: trastuzumab, ESR (1, 2): tamoxifen, HDAC (6, 7, 10): vorinostat, TOP1: topotecan, TOP2A: doxorubicin, VEGF: bevacizumab
  Brain ependymoma                                     EGFR: cetuximab, ERBB2: trastuzumab, ESR1: tamoxifen, HDAC3: vorinostat, PDGFRB: pazopanib, TOP2A: doxorubicin
  Brain pilocytic astrocytoma                          ABL1: imatinib, HDAC (1, 6): vorinostat, RAF1: sorafenib, TOP1: topotecan, VEGF: bevacizumab
  Brain oligodendroglioma                              ABL1: imatinib, HDAC6: vorinostat
  Osteosarcoma (two groups)                            HDAC (3, 9): vorinostat, MTOR: temsirolimus, PSMC (2, 5, 6): bortezomib, VEGF: bevacizumab, ABL1: imatinib, GSR: carmustine
  Cervical squamous cell carcinoma                     CYP19A1: letrozole, DHFR: methotrexate, DNMT1: azacitidine, EGFR: cetuximab, HDAC9: vorinostat, NQO1: carmustine, PSMC4: bortezomib, TOP2A: doxorubicin, VEGF: bevacizumab
  Marginal zone lymphoma                               ABL1: imatinib, HDAC (7, 11): vorinostat, PSMC3: bortezomib, RAF1: sorafenib
  Intestine carcinoid tumor                            HDAC5: vorinostat, PSMC2: bortezomib, RET: sorafenib
  Cholangiocarcinoma                                   BRAF: sorafenib, DNMT1: azacitidine, GSR, NQO1: carmustine, HDAC (1, 2, 3, 8, 9): vorinostat, PSMC (2, 4): bortezomib, TOP2A: doxorubicin
  Pleural mesothelioma                                 DHFR: methotrexate, EGFR: cetuximab, TOP1: topotecan, TOP2A: doxorubicin
  Nasopharyngeal carcinoma                             DHFR: methotrexate, ESR1: tamoxifen, TOP1: topotecan, TOP2As: doxorubicin, VEGF: bevacizumab
  Prostate cancer (two groups)                         ABL1: imatinib, PSMC (2, 3, 6): bortezomib, DNMT1: azacitidine, EGFR: cetuximab, ERBB2: trastuzumab, GSR, NQO1: carmustine, HDAC (3, 6): vorinostat, MTOR: temsirolimus, IL2: denileukin
  Renal transitional cell carcinoma                    HDAC (1, 3, 11): vorinostat, NQO1: carmustine, PSMC (2, 6): bortezomib, TOP (2A, 2B): doxorubicin
  Vulvar intraepithelial cancer                        DHFR: methotrexate, DNMT1: azacitidine, HDAC (1, 2): vorinostat, PSMC (2, 6): bortezomib, TOP1: topotecan, TOP2A: doxorubicin, VEGF: bevacizumab

**Note:** Numbers within parentheses are gene members.

###### 

Upregulation frequency of genes targeted by 'FDA-approved nonantineoplastic protein inhibitors'

  Targeted protein symbol     Targeted protein            FDA-approved nonantineoplastic drugs   Frequency (n = 78)
  --------------------------- --------------------------- -------------------------------------- --------------------
  Nonimmunomodulatory drugs                                                                      
   SRD5A1                     Steroid-5-alpha-reductase   Finasteride                            23
   COMT                       COMT                        Tolcapone                              19
   ATP1B1                     Adenosine triphosphatase    Digitalis                              16
   ALOX5                      5-lipoxygenase              Zileuton                               15
   ITGA2B                     GPIIb/IIIa                  Abciximab                              15
   CA12                       Carbonic anhydrase XII      Acetazolamide                          14
   GAA                        Alpha-glucosidase           Acarbose                               14
   CYP2E1                     Cytochrome P                Disulfram                              13
   CYP2C9                     Cytochrome P                Fluconazole                            13
   DPP4                       Dipeptidyl-peptidase 4      Sitagliptin                            12
   ACHE                       Cholinesterase              Edrophonium                            12
   ALDH1B1                    Aldehyde dehydrogenase      Disulfiram                             12
   GRIN1                      NMDA receptor               Amantadine                             11
   HMGCR                      HMG-CoA reductase           Simvastatin                            11
   CYP1A2                     Cytochrome P                Ciprofloxacin                          10
   ALDH1A3                    Aldehyde dehydrogenase      Disulfiram                             10
   CYP2D6                     Cytochrome P                SSRIs, Bupropion                       10
   COX2                       Cyclooxygenase II           Celecoxib                              9
   CA1                        Carbonic anhydrase I        Acetazolamide                          9
   CA5A                       Carbonic anhydrase VA       Acetazolamide                          9
   CA9                        Carbonic anhydrase IX       Acetazolamide                          9
   HRH1                       Histamine receptor H1       Loratadine                             9
   PDE5A                      5-phosphodiesterase         Sildenafil                             8
  Immunomodulatory drugs                                                                         
   PPAT                       PPAT                        Azathioprine                           29
   IMPDH1                     IMPDH1                      Ribavirin                              23
   IMPDH2                     IMPDH2                      Ribavirin                              21
   PLA2G10                    Phospholipase A~2~          Prednisolone                           12
   PLA2G12A                   Phospholipase A~2~          Prednisolone                           12
   DHODH                      DHODH                       Leflunomide                            11
   PLA2G15                    Phospholipase A~2~          Prednisolone                           9

**Abbreviation:** n, number of tests.

###### 

Upregulation frequency for genes targeted by 'non-FDA-approved chemical agents'

  Targeted protein symbol   Targeted protein                Non-FDA-approved chemical agents   Frequency (n = 78)
  ------------------------- ------------------------------- ---------------------------------- --------------------
  CDK1                      Cyclin-dependent kinase I       Alvocidlib, Seliciclib             33
  PRKDC                     Protein kinase, DNA-dependent   IC88821, NU7026                    32
  CSNK2A1                   Casein kinase II                Myricetin                          31
  PRKCI                     Protein kinase C I              HA-100, ML-7                       31
  GAPDH                     GAPDH                           Iodoacetic acid                    30
  CDK2                      Cyclin-dependent kinase 2       Alvocidlib, Seliciclib             29
  CASP2                     Caspase II                      Fluoromethyl ketone                29
  CSNK1A1                   Casein kinase I                 IC 261                             29
  MMP11                     Matrix metalloprotease 11       Bipyridyl reagentPlus              28
  POLR2H                    RNA polymerase                  Thiolutin                          28
  SQLE                      Squalene epoxidase              Terbinafine hydrochloride          28
  KRAS                      Rat sarcoma viral oncogene      Tipifarnib, Lonafarnib             27
  CLK2                      Cdc2-like kinase                TG003                              27
  HSP90AA1                  Heat shock protein              Tanespimycin                       27
  MMP14                     Matrix metalloprotease 14       Bipyridyl ReagentPlus              27
  CASP3                     Caspase 3                       Fluoromethyl ketone                27
  POLR2G                    RNA polymerase                  Thiolutin                          27
  PARP1                     Poly (ADP-ribose) polymerase    BSI-201, Olaparib                  26
  CDK7                      Cyclin-dependent kinase 7       Alvocidlib, Seliciclib             26
  HSP90AB1                  Heat shock protein              Tanespimycin                       26

**Abbreviation:** n, number of tests.
